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ABSTRACT

INITIAL INVESTIGATION OF AN INGUCTIVE COIL TECHNIQUE
FOR THE DETERMINATIGN CF THE SQUIVALZXT ELECTHICAL
CONDUCTIVITY OF 4 T4O PHASE LIQUID NETAL FLOW

Submitted to the Departrcnt of Mechanical Engineering on .
August 23, 1965, in Partial Fulfillzent of the Requirczent for
the Degree of Mechanical Engineer.

. An inductive measuring technicuc kas been used in conjunction
with a nonlinear, twin T type of dridge in arn effort to corre-
Jate bridge output with the coil corc clectrical corductivity.
Tnis i3 envisioned as being the initisl step in designing an
instrucent capable of detecting chargzes in electirical cone
cductivity of a two phase liguid retsl flow, as applied to
an ¥HD power generation cycle. Jcfirite ncasurements were
achieved, but poor agreesont exists tetweern the present tneory
and the data obtaired. The data was rot definitive enough to
establish any reliable calibration. Even though ro two phase
flov measurenents veres attexpicd, the instrument did show a
potential of being used to deterzire the relative electrical
conductivity between highly conducting materials.

>
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Zlectricsl corductivity (3:C/zotar)
Eguivalent eleciriczl ceriuetivity
Voluze void fractioa

1 void raterial

2 rajor =stertal

Density

Voluze flow

Area

Surfacs tension

32.2 £t/3ec?

2

. ~ . . -5 ..
Perziadility of sir 12,25 x 19 Xenry/=cter)

Frequancy (rud/sec)
Frequency (cps)

Core radius (x)
Radivs (=)

Skin Depth (a)

Coil lezgth (g)

Windirg turns

Unit direction vectors
Current (azps)
Electric field (voltfz)

Yagaetic field (e=z-zure/e)
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J Current density {ara/2?)
(‘5 Potential (volts)

\30,3 Cyliririesl coordinates
L, Izductance (Henrias)

V Voliaze (volts)

3 Poynting vector

S
2
P> Tize average real powar (woits)

<> Tize wveraze recciive power (Watis)

Cnil winding resisience (Or=s)

Coll energy storsze / Coil Crzic dissipation Factor

=x\N=7?
Izzedence  {Ohzs)

Core radius to sikin Sesth ratio

L2
Q
J
=
&
R Total resistazce cf tridgze
T Period = 1/¢
\'es Resistance sun
R Bridze parazeter
S Sersitivity (v—g-;‘i) or (E_ﬁ
[ ) Function of
C Bridge correction factor
E Bridge voltage { o output
{ i input
LDE = (E) metal - (2) air
V SaY Czorstor = ':\v%

{Cylizdrical Ccorcirmtes)

.
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with the recexnt intorest &n szice =ower systens W
roduce power in the X! rarze, the us2 of 11D power generation
for ihis cpplication ras tuken & pesitica of Inereased
$=portance. References -4 conicin wnalyses of various
power cycle arrangezents, uiilizing sis -is ard liguid phrses
fz so=¢ portfon of & liquid mctel M srele. In all of thase
configurations, it Is of grire Izperiznsc that tha gateous
az2 1liquid pheses are scpiratod s co-pleicly &3 possible
tefore enterin; the generstor, since tna clecimfcal co-due-
Uvity (0) of ihe purc iguid Ls reducci Ty %o presance of
the gas. Trus it is izgortent nzve @ znewlcdze of the
selationsnip baivesn the i “senisze of vazor nod tha eguivzlent
2lectrical comductivity {G) of ke mixizre s zoen by the peser-
ator. 7This report covers work carried cui In the insftial
prase of toth aralytically crd exzeriz:cntally deternining a

.

Telatiorsnip beiv.es tne eguivalent elacirical conductivity
ard the vapor void frsetioz.

The departure point for als si:3y wis & revicw of the
various derivations for egquivalent elest=ical conductivity of
& Leterogencous zecdia, all of vhich zen te traced bazk to

the classicsl work of J. C. Maxwell (5. * Iz order %0 verify

+
Xu=ters In parenthescs rcfer to relcrernces in the oidliography.
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these relationships, an irductiva coil reasurirng techrijue

was selected to be davoloped into an insirusent capatle of
detocting small changes in elociricsl conductivity. A
simplified analysis was derived for the oguivalent slectrical
impedance for a coil of cylizdrical geometry, having s core

of a nonmagnetic, but electrically corducting zaterial. With
the establishrzent of the design parazetars for the coil, 4t
wvas then possible to consiruct & 3eriss of exparinants to
detect and correlate changas in coil peranmeters with elactrical
conductivity charges, During this phase of the work such
changes were Introduced by using solid cores of different
electrical corductivity insteed of ravirg a trus flow situatica.

The coils designed ware used in conjunciion with two typos
of compsrative null talance tridges: the cozmon Maxwell bridge
and a nonlinear *Twin T" txidpe. In order o obtain the
ncc;nury sensitivity, the 7 bridge wis fourd zore suitable, -
and a series of exporiments was carried cut with this tqpo.
of bridge. .

Recordable changes in bridge cutput were detsctadble with
this bridge srrangement, and an attezpt was rade %0 correlate
expsrizental data ard aralytical predictiozs. The results
showved qualitative agraszent, but poor quantitative corre-
lation. FGoth inadequate equiprzoent sensitivity and theory
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i:w;!equacies were falt to Te the causc of tho discrepancys
In conc.lusiox:, atrexst was pude to explain these
éilferences in .'ordar to improve the &groexent botwoen the

present zeasurozent technigue and theory.
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2.0 Egutvaleny Zleatrien] Conductividy

The clnesical derivetfoz of the oquivalent clectrical
corductivity of & b;t.orogenoous =ixiure was first carried
out by Maxwell (5). Using the aszucption of a norzally '
herogeneous redia intordisgersed oith & zatsrial of a Siffer-
ent electrical corductiviy, Mexwell rezlaced this raterial
with an Yequivalant® meierial, eguivalent in the sanse that
the saze electric field is ralntalned throughout boih zaterials,
Thus, en equivalent eleciricel corducilvity (5) could be
definod. Assuning that thae 2isparsed phnece is of spherical
particles and is sufficiencly dfiute zo i:iat o point contset
exists smongst trese pariislcs, Maxwall was able to express '
the slectric field in terzs of spherical rsrzomics (le Gondn'
polxmmuh) in the stealy etate. By applyiag the electro~
magnetic boundary corditions batwcen the two phasaes, &s \n}l
as considering the finite charscier of the ficlds, the constants
of the field equations were solved for. After replacing the
heterogeaeous nmixturs by one of conductivity o s and & voluxe
of tizes the originsl rozogernecus phase voluce, © vas solved
for as a function of ®¢ . The rosulting oxprcucirou due to

.

Maxwell 3is / g
5 _ 2x(E-5)- (G126
S «@-a)-(a+26)
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where 2 is the norzally homogencous picio ard 1 is the dis-
perscd phase. (See Table I).

A group of Russian works (refecrezces 8, 10, 9 )
exterd the basic Moxwell work to a rcre generalized fora.
Xorreenko {9), by using Gouss's theorez, relsted the volure
characteristic of any shaped inclusion to the touzdary
corditions ard showed how the eversze coriuciivity value of the
redia could be Gerived in a rore ganarel carner. Pliat (10)
presenis sn equation derived for the thorzal conductivity of
s "statistical® zechanical mixture o) sclid zaterizls. With
tne aralogy tetwoen heat flow ané eleciric lield thsory, ihis
should slso apply to the prosont case.

Lloré RAsyleigh, by noglecting Vsxwallls scrumption
that the inclusions do nod effacy the field ia the homo-
geneous =edia, extended Naxwall's gcuaiicz o a siightly more
general form. Meredith (6) noted tre incsrraciness of both
Maxwoll end Rayleigh if the spharical inciusions are in \
point contact. He derived an even rors genaoral squation by
extending the electric field eguations to izmecluls zore terms
of the Lo Cendre polynoxials accounting for point contact in
the limit. Referring to Table I, a sucrmary of these equations

.it presented, Figure 1 shows the cozparison of the Xaxwell,

Rayleigh, ard Mersdith cquations for & liniting esse of




Table I Cozparison of Thooreiical Ijuations for

>

s Zavivalent
Jlectrical Corductivity cf a Tuwo Phage Nixture
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V2
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the dispersed phase beirg of zors conductivizy ({.e. Q<<q)..
It can be noted ihat in this ccss all thoce forma of the
squation recduce to Maxwcll's equation pius correction terms.
f.; = é::/(:) =} === corraction terms
Figure 1 is a represenistion of Naxwall's result zs 3 funetion

of void fraction and the disperzod phase corduciivity.

To cozplete the discussion of the theoretical work
on eloctrical corductivity, Reference 7 by Fricke contains a
derivation for other than & purecly sphoerical inclusion.
Fricke's prizmary interest was conductivily of blood. Kis
derivation was goreralizad for ellipcoids of rovoluijon, with
his result expressed ar u function of ithe ellipsold aspect
ratio, {(a/b), and the ;i ratio.

The main conclusion of this work &s spplied to the
problez at hand s that thers exist only negligible differences
in G for a/b = 1.0 (sphere) as coxpared 1o O for changes in
al a3 large as 100 per cent. o 7

P

2.1 Mature of she Iwo Phase Flov

Some brief cor=ants vill Le presented as to the.
nature of tvo phase flow, sothattbcpucodln;ria':mentbo
/




Tadle 11 Tneoretical Zguivalent Electricsl Conductivity

for Gag Voids

Faxvells
O ¢ [y
6 (1+~d2)
Yarediths ’/3
c 2-2% -;--Glsq% ~lto«
—

I'é
Si o - GI3 N ON

Frickes
_ (1=s)
% T (k)

Pliat:

£ = (1-3)
&
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applicability of the O oxprassions cia to put §nto a better
perapective,

Cre of the main objects of the M:ID power cycle is to
raxinize pover. 7o have the rmaxizun O of the vorking fluid,
it 55 desiradle that the parceatsge of vapor te as axsll as
pocsible. Thus it would te cxpectod tiat, discouating the
effect of the magretic field on the vagor,.the flov would rost
1ikely be of 8 Butdly naturce-consisting of srall vapor
voids dispersed fairly evenly throughout the flow field.
References 20 and 22 review the nalure of ihe relstionship
betwesn void fraction {volizs ;er cesnt of vapor} a4 the
flou velocities in the bu.h'oly flow ragizs. This expression is
of tke fora

. »
Qeps ) - co»msf[-__*_lra (-2 )] (l-&-t)(-lg
Reon (o2 '

A Teview of the derivation azd deterziration of the eouu?u

is not required in this work. Tne izportant note is that

this equation should correlaie for Xbdly flow iz the range

of intarest of this presont YHD gonsrator coccept. Thus,

£ can be assused that Maxvwell's equstion or a radification
Stgpeof should be adequate to descrite 5 for this type of flow,
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3.0 Ygasurezent af -3 Zeulvalsas So~duciivity

Vith an initfal fcurcition for tho sralyiical re-
lationship betveen o ard ©¢ aestablished, o;:pcrimaul
verification is required. This reguirezent is most logically
fulfilled by & series of expesizents sitriing with deteraining
charges of electrical cerduciivity without tas complication of
tuo phase flow, then prozressing 1o & siegrnent flow with e
vapor phase introduced Irids ha fluid, and firally to as
complete an XD flow sizuciicn ss possidle.

The zajor prodlex is Soteciing ke changes in 6. Aa
irductive coil peticd, the cclil talng of cylindrical gec-etry,
not only preseass 8 gocd flou geoxe.ry for cll these exzerizants,
but also perzits the flow to te urdéisiurded vhils the coil
*sees® an equivalenl cordusilvity of trno flow. The induction
ecoil method is based oz ths orinciple that by applyisg s t.ba
nrying current to the colil wirdings, & magznetic field is
established within the corc spces, Thnis t;u varying ﬁmﬁe
field irduces an eleciric I1ald in the core. With 8 core
of aero conductivity sxd rcsistancoless winfings, no real’
power {8 taker by the coll ard corc. Fut if the cors it of
& finite conductivity, soze real power is cboorted ss Snwlean
host loss, thus changing the egquivalent electrical impodance
of the coil.




-

By varying this coxductivily, i ehzngd of izpudazce can be
deatornined as a furetion of conductivity. Ar oparaticnal upper
1ixit i3 establishad by tze £xin depih phonosans; for at
"inrinite® conductivity 5o £2c¢1d can oxist in the core, and
thus no losses will be irduced. 4 trief roviev of the coil
parscaters will clarify ihis poiat furiher.

Tkis zeasurezent tecknigue iz by zo =eans new, refecences
14~17 cortain results of usizz this zasic tecknique in
=caguring conductivity of gsses. Houwever, s liritation that
is not restrietive ir the comsiruction of theszs experizants
relerrod 20 is the 1imiting rasiriciizn ia ihe preseat exper-
ixment; that being the cesuzpilon of rogligitle skin effect, or;

G << 2 (Ay W Y‘:)-’

Since refarences :i{~-17 zra corearned soizarily with the
detaraination of cas condvesivizy ir the crear of 10° - 10 ¥¥0/xeter,
for ressonsble coil sizes, t:o freguescy of operation is in
the megacycle rangs. As will te subsctucntly derivad, the

induced slectric field is praporiicral to W™ Thus, the -
increassd sensitivity of thase exporinintal sstups is due

%o the higher froquency Tasnge 4s cospared 10 s protent work
4n vhich @ s about 10° - 20 YID/roter and e sian depth
1initstOto the 108 - 30° cyele range. Figure 2 shous the

relationship for skin lepih defined as, e

NES
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3.1 Changes in Coil Paramaters due to Choenges in Conductivity

Tho iten of majlor intcrest {rom the derivation of the
f1eld equations for a cylindricsl ccil (Appondix A), 4s the
negnitude of the change of coil izpadance dus to changes in &,

The impedance is piven bty,

vhere Q= b, Q= X

The change 'ZgAwith the parceniage change in O can ba darived

by partial differsntiation as,
2 Qs (RY .
aa( ol >4 (% -)
& 1“3‘1 oS/ _'4“&* Y2
R (- 9& (¥ 1) ] ,

The total core pluz coil resistance is given by,
oy
R= [: B ) ]
The percentage charge in resistance with change in conductivity
is, Y
_ . a(’eao.)_ o0
3676- 4

Since tho analysis was carried out for the assumption of

Yo <&, Gis 2inited to o maxizum value of 1.0,




1
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Pisures 3,4, ord 5 prosent the variziion of ire change in
?"’/Q ard ,Q;.L 0, as & function ¢f & , for values of Q.

irnco to obiwuin tne grestest choinge in R or Z° the operatioral
frequeney (9 = 2 7 £ would ba such his &=V, wnzs =10
would te the limiting value. Froz thece plots, 4t i3 evident
thas &5 large a value of § z& possitle 13 rnecousary for
adeguete detection of any change In R or Zo. Q {5 lizited
ty praciical cofl gize, end thus to & maninzuz veive of about 100,

For & coil of Q = 1C0

For a 1liquié motel core of oy 106 widfzater e
ekange in R.due to vold [racilon verdations towt rust be
detected s of the order cf zcgafiuca of {3 131’), waile
Tor an &ir corc veing reglzecd by & cizzor core, the theory
redicts changos on ho order of 25 tizos ke coil rcsistance.
Yet, the charge froz & copper core to zluzinu: cors (108 to 107 50/metor)
i3 of the saxe order of zzgnitude chungs &g that due to the
possible void fraction veriaticns.

It 1s clear that ile oblceilva o this exparicent is
to design a coil of as high a Q 25 is practically possidle, and
to incorgorate this coil in a davice exziblo of deteeting changes
in the cquivalent coil reisitance of 1/10% parts. This

suggests soze form of null tgicnce or 3ridgze eircuit, An
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oréinary Wheatstone bridge circuit is shown in tho work of
Reforornce 15 on corductivity dewerzination in Lyporsonis .
wakes. Ye?:, as previously =entioned, the froguency lixitation
due to skir dopih will 1izit ths range of ordinary bridge

operation for ths presest application.

3.2 Skin Depth Linitations

Before a review of ite experizantal zeasurezsnts is
urdertaken, soze clarification on skin depih limitaticn is
nccossaTy. Oy defirnition, ithe s«in Zapth, S s is that
cepth at which the eleciric figlé iz a conductor of finite
cozductivity has decayed 1 l/e ¢f it value ot ths surfsce.
For sinusoidal stesly state, § 5!\"3 by

$a (2/ sy )=

“Thus, for 6-+0, $=i-co and ite field complotely
peretrates the conductor. For &Y, () cax be quite high.
But, as O—weco S ard e electric and u;nouc
fields becoe excluded from the coro region. Xots that the
Tields in the roglon arourd the ouiside of the coil still exist.
Since L is & maasure of the zupgnedic field swagc,ulw tte
skin depth linit, L is conclant and greater than the value
vhen the skin dopib is oxcosdcd. For & fixed ¥ amd &
as W is {ncreased past the 1imit of S=Y, , L will decresss.
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Theref:re, changes in the coil izmpelance are ro langor due

to changes in R slone, but &350 to ehanges in L. For a

two phase flow, the skin dopik Is & very uncerisin gucatity, b

teing deperdont on tha flow pattors as wll as G . ‘In order

for the zeasurexonts to be irdependent of changes in L, the

runge of frequency oparstioz of the detectioz device 1s resiricted
to values below which the skia depth is oxcesded,

b1

-t.“

-
-
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4.0 Exporirontal Vonsuworents

Experizentzl verification of the theory hes as its
primary sim to construct ard calitrate an instruzcnt capadle
of detecting small charges in elecirical conductivity.

The calibration would te clectrical corductivily versus soxe
electrical parazeter (current, voltage, cic.). To schieve
this aim, two sets ¢ exparizonts were run using fwo differeat
coils and bridge arrangemants. Boih exgeriments uscd cores
of three difforent rmaterials: trass, cozzer, #nd sluminum,

The first experizasi consisicé of & standund zereral
radio bridge , (250 &), &rranged es a Mauweli bridee, to
zeazurs § and L of the cofl, bosh wiikh avd withost the
conducting cores. e 0 tne low 3 of the coll srd the skin
dopth lixit on frequency, the tricge wos unable to detoct any
changes in cutput due to core corductivity. Tho operation
was also limited because of itre bridge sensitivity be‘ng )
frequency depardent. 7This rcducad the zceuracy of the bridge
at low frejuencios to a level insufficient for detection of
‘the theoretically szall charges in output voltage. Therefors,
another bridge errangezant ves tested with a new set of coils.

This new dridze, saforrcd 20 48 & ronliness tvia T type

of bridge, is discussod by ilon (18) azd F8ldviri (29). Thia
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'bridy rag the sdsantages ofs
a) Higher sonsitivity than stendard Maxwell bridge.
b) Maxizum dridge sensitivity is irdapandent of
frequency
¢) Coxzon grourd for input and output
4) Cutput is D.C.--n0 rectification needed
e) Sizple construction
Two matched colils of & nigher { wers consiructed and =atched
0 the bridge circuit. Cores of alunminum, brass, ard copper
vere used to colain the variaticns iz 0. Changes in bridge
output wers detectable wiih this arrusgexzent, but iastrizent
sensitivity and sccuracy were secaingly rnot adequate for
c&libraticn. Qualitative azroczont could bo ottuined, tut
quantitative sgres=ent was poor. 4 core thorough anslysis
of the theory and operation ¢f ihis experizental prass vill
be presentod ard will explain soze of the discrepancies,
Sincs this later phsse provided the only :ubct-uau.al
data, the first experizent will be passed over with the

previous coxzents.

4.1 ¥orlinear Tvin T Bridge

The twin 7 bridge is esseatislly a dridge of two

unbalalancod arxs, tho measure of the unbalance beizng correlated
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with the variable of interest., or the irductive bridge, o
cozplete revicw of the theory is pivea in Rofereace 19,

Roferring to the following sketeh,
O L‘
N
-—-l/].—-‘ 2, .
D‘l. L‘ {
]r

© . RS b

i :-‘ —

the bridze consists of two arzs, cech conteinirg 2 dlode and
ne of two fdentical cofls. Ey applying an slterzating
voltage, he tridze arxs are alsecnciely cordusting snd open
duo to the diode action. In the corducting ars, the curreat
in the coll tuilds at & certzin rate deparding oo ke tice
constast of this arx, while the current in the other crm
Cecays, sirce it is an opon circuit, Oa tho oppozite half.
cycls, the reverse happens. Il the D.C. value of LN is
takern for a talanced bridle, currant Im boih coils tuilds wp
at the saxe rate, their oulput voltage veing of opposite
polarity. The sua of the D.C, volicges is zero. For the
untalanced caze, & non zero rewding of S° is obtajiroed.

Assunlizng an applied sguare wave voltage, she circuit mey be
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represented for each half cycle as,

g’- L, R&.

For esch of these lirear eircuits, the current pattera for

the half cycle can be reprezerted ss,

e

~22

fe-T7p i

S ————,

@ oy,

R, + cycle

Ry = cyele
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& circuit apalysis of oach ksll cycle, sassuzing that the

curreat during the open portioa decsys 1o zero irzedistely,

vut.s carried out by solvir; for cirrenis 11 &d i, a8 8 funeticn
of toe half period, T/2. The tiza averaga of the sux of ihe
curreats through R"uprcunu the 2.C. ocutput of ke beidge.
This expression 1is,

. s B2 zé%(e-féa.)-%(c-a‘&f_ ,)]

vhere R, represents the totsl resistarce of ite {+) dalf cyele eircuit.

31351031191.-0[0
n”x = Diode forvard ressistance

'3. = Source resistance
‘ R, = Output rosistor
’.Ll = Cofl resistance




-4

w2l
The coll resistance is egual o the total resistance of the
coil wirdinga plus the resistance inéuced in the core. Initially,
both coils have an air core. Then osne is rephee'd with a core
of a finite conductivity. ‘2 will diffar 4n cach arm of the
circuit betwoen these two sfiuaiions. 7The resulting amount of
unbalance, as recorded by the D.C. oltpui, can be calibrated
with tho core material co:ductivity. With the present theory,
RL is given by,

Rem [ + 4 (20ril) ]
Interms of Qand &', R is,

R=n[1+ S ]

0
However, cue to the switchirg cction of the diodes in the
cireuit, one of the basic zssucptions of & sirusoidal steady
state is no longer strictly trus. Thus R:. rast be modified
for this condition by the ratio faeior {Appordix B). ¢

Another rmodifying facvor, C, is iniroduced to account
for other non ideal paracetors of the circuit, With both

these modifications RL is,

&:ﬂ[[.‘. %Q.garmoC.]
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R -H
Yaanetie erorsy to co!l z}-2 a" W‘;‘ e

. =
vhore ratio = Maxizum energy to coil

C = Non ideal ecircuit parazeter correction

Apperéix (B) explains rmore fully both thece parazeters.

4.2 Briége Sersitivity

“he tridge voliage cernsitivity can te delincd as the
change in output voltage due to a change in the resistancs
of orne arm. Since the output volicge is across “o' it ls

5necessary 1o separaie Ro frox tre total R. R will te defined as,
;_=3D173L+a'+3°=r*8°

Sividing both sicas by o (2L£) Zoctor this is now
delired &s a type of Q for the bridge,
Re
%F " 5iF Turf |
Kaeping 82 constant and assuzing Z.l x X.z ’ Rl is alloved to
vary by & change in rye Taoking the partisl derivative of £° with

Tespect to ry the resulting cxpression is,

¥+ R 4+ Re

A JEo 2!.; + Lfe ~Zof
£ o (\: R.) [ (r.m.) [ ]

. 1 1) ]
where [ ]a(zt,.;.)‘ + Y+ Re
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By defining R X1t Re
2%,

) A\
R " T,

ke = 2

f ';h/ R,

Thus, hRw R 4R, and kn/., 2o .

Y [N RJh;

Defiring the voltage sonsitivity S' asg

Se= SE

the above equation can bz writter as,

S (2et)w ()t e+ €[t -os (D]

A razortcal evaluation appcars im Figure (6). Some

irtoresting conclusions can ta érown froz this equation by loaking

et the linits of 5, as % and .‘o go froa zero 4o infinity.

a) for constart k, a5,
R—she  Sy—liziting value

Rt ca Sv e O
b) for conistant k as,
h.—y ) S' —in O .

Ry—inco Se—mo since -i—‘--—s-l-o

Craphically this can be reprasented Yty ,

Locus of liniting 8v as

SV k" k. -

~
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Thus, & low value of ¥ ig desirable for muximum bridge
sensitivity., Yet for & given valve of “1' sensitivity can
be incrcased by increasing k o UP to 8 point.
Since k increases with k, increasing k, terds to decrcose

S_. Thus an optizum R at which s, is & zaxizuz will oceur.

v
A

!
Se R, = constant

N . k'- hr‘-ko
4.3 Experizentsl Arrargerent

In order to echieva &s high & seasitivity as possidble,
two higher Q coils were constructed. 2oth of thesa cotils, as
measured on a genersl radio 1650-a bridge, haé an irductance
of 6 x 1073 Benries vith a G of one betng 10 ang the other 12
at 1000 CPS. Dus to winding difficulties the L wes rod\ae;d
from the theorstical value. Figure (7) shows the coil
dicensions and parszeters. Ore coil was coastrucied to accomodats
the removable 1/4 inck metal core, while the other rezained an
air core.

The bridge was constructed using nucber i-D junction
diodes of thte following charsctoristics:
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PIV = 200 Volts

Ibc:.nalt:.p

Tprup ae 1 Vol = 1 Amp

Thus, tho dicdes had a fairly eharp cutof? point and
a high value of lirdiiing current. 7Their forward resistance vas
1 Ona,

The ocutput resistance was vacied by using & genersl ’
redio decade rosistazce 632-X box, wich decades Sroa 10° o 12°.
* A talaace reaistor 3’5' consisting of a slide wira resistor with a
zsxizun resistance of .90 Oz wos usod 10 balzzce the circuis to the
scze origirel S0 voitsge reading. Both the slide vire and
&acsde Tox wers outsice ihe oridgs itsell, e bridge tox cone
sisting of tha two coils and the dicdes. Figura (8) shows the

e bridze cireuit.

Due to difficulties ir. raintaining & stedls lnpat square
vave sigral, a clipper circult was uilt to irsura a constant
voltaze to the azplifiar. Tais is stovn in Figave (9).

The experizental circult is shovn ia Pigurs {10) and -
containod the following equipment:

&) Conersl redio power supply 1203-3 vith GR 8-l oscillater

1210-C 0-30 Volt paak square wave input signal.

t) Clipper-zaxirum voltsge wof 6.75 volis supplied b”

zercury tasteries with a varisbls resistor to co:/xtx{ol

tha voltage to the arplifier
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¢) Dyankit avdio axpiificr--zain constant ‘et about 10.
4 Lo output terzinal used to provido lov input impodance
for the bridge eircuit
d) Howlett-Packard AC VIV/-40CD to zeasure &y 1ato bridge
o) Bridge vith decsde box sxd balazce resistor. low
decades used to caintsin & low Bo
£) Hevlett-Peckard AC VIVX-LCOD to messurs &, of bridge
g) Healeti-Packard 5C VTW-4124 0 record the D.C. cutput
of the bridgs T, Cus 0 i5e uroslance. low scale
reading to 1 x 10 "? volta.
n) Eewlett-Pacxard CP0-1308 to moaitor output wave °

forn cettern ss well &s chcek 4nput vave form.

The cores ware rada of copper, briss, azd aluzirum, a1l of

at ut 12 Sa. Jong azd /4 ia. elaziier. Thess reprasentsd az

approxinate rarge of conductiviiy va sues of (Reference 23}s

.

Copper = 6.3 % 10 YED/zeter
Aupinea = 3.6 x 107 Xi0/rater
Srass = 1.4 x 107 YH0/cater

4.4 Experinental Procedure

The basic procedurs was: at & walus of frequency, to

utoiwlrceordt with both corss 8ir; thm,tophuu -

metal core in the varisble coil 574 racord B, sgain. ms
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core was thon rezoved, and the frequency set to & naw value.
o, vas raintained at the zare initlal value and the proccdure
continued with the saco motal cora. Only ona core at & tire
vss tostod, and thon tha sane procedura vss repected for the
next core with the ssce value of & s the origiral core. .o
vas rairtaired constant throughout tra series of tests of all
three coras.

Tosts vere carried out for toth tne scuare vave (vith
elipper) ard sine vave (without clippos) inputs. Since the
sive wave input proved suparinr in resilis, ozly this case will
te pfesented and discussed. Tae tridge sircuit was op:::.;.ud
for praxizuna voitage sancitivity with & sine wave input.

This cacsed an ocutput resistor R, of 7.5 Cazs %0 ba'uvred in the
iscult. Insdequate instruzenialilon prohibitcd eny cxpesirental
verification of this ax the optirtm load resistor.

4.5 Sxparizsatsl Dats

Dats wvas obtaincd for the T bricge esing the three z~tal
corss. 7his ¢ata was in 2he form of voltage outgt of the
Briége for air and then zetal core iz the cofl. Uafortuzstely,
the Cata wvas not cxtonsive or pocd. Difficulty we. experienced
\dth.th instru=entation in obisining definite azd repotitive
rcadinzs; the readings were not delinite tacsisa the cutjut tended
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to ta unstatlas, oscillating cround scze mean point. It ususlly
exhitited a sving of £ 1/2 x 10.3 volis. <Jhe readings wore

 rot repatitive since in zany instonces tha output would Srife

or not give tho same readings when rczeated at tha scze frequency.:
Possible solutiors of trnese difficultics will e supgested

further on.

Data for both sine and squars wave inpuis wers taken,
(Appondix C), but as a result of the uncertaln readirgs, only
one set of data, that for ihe sine wive, 1s discussed.

Apperdix (C) liste tho catz obiszincd., Al readings are
the zesn readirgs of the volisze cutput. Figures (11) &nd Y22)
shev a plot of this data,

Another limitation on ire daia obteined was the limited
range of the output meterirg. At low scile raedings, i--*abllily
cuused poor reedings, while at hizh scclie reallings, lack o
wdeguate D,C, vacuum tubs voit zater sensitiviiy wes tho paln
liziation.

In the following sectioz, & nighly lizited co:pl;aaon is

made between this set of dsia £nd tha prsdictions of the theory.
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5.0 Theoretice] snd Surerirortal Corznrimon

In order to zmoro fully explore the ranze of the theorstical
precictions, a digital computer progres wes omployed. This
progranm calculated bridge outpudl 23 a funciion of frequaney
for varicus cozbirations of coil &nd core jaramctors. The

eguation for bridze output,

X - <
Y

<. =\ &
o -

her 2 - 12> )

wher N, = Kz 42, +Ro+R

. - . R S
&ad R-.-:.O.L ] ﬁﬁ_sﬁg'_\f-u.ga’no.o]

was prograz=ed ia Forvron for the IZH 7053. An ovalusiion wvas
then carried out 10 attexpt W .fateh expirimantal and thooratical
values, For the data in guostion, tae thacoretical caleulstions

assuzod the following valuas:

ae By-= 7.5 ohzs
oy * By = 0 ohs
L= (.= 4.0 otzs
4 = L, = 6.0 millitenries

&= 0 Yho/zeter

6.3 » 107 Cepper, 3.6 x 107 Aluzirum
1.4 x 107 racs--Yho/meter
Figure (13) shows & coaparctive plet for & valua of € = 1.0,

&
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Apgroozent is obviously quontitatively poor tut qualitatively good.
Before discussing resuits for diffcrent values of C, a tetter
urderstanding of coze of the iiritations of the theory is'nceded.
Upon comparing cata ard theory it is noted that both
curves follow closely in cuslitetive rature. Both display
saxizums in the ssze frequency range ard thair ordar in zzgnitude
is as predicted. But unforiunztely, tha éifferanccs overshudow
the sirnilarities. It russ he‘c::.;hasized thet the theoretical
prodictions are only valid up to the Jraquency whare r. = S‘ »
the skia depth limit, For the thrze cores used, this frequency is:
Coppar & 500 cps
Alunizum « 700 eps
Brass g 1800 cps
as roted in Figures (13) and (14).
Note first the rapid decreess in tha dats &t higher
frequencies as coxparsd to iha theory. This is due to the
skin depth linitatfon that is unaccounizdle in the thoery. Since
the theoreticel relationsiip tetvesrn Ry = £ (2,¢) “is vl
oaly up to the frequency at which S= Y&, it 1s restricted
to frequencies below this criticel fraguency. after this
froquency is exceoded, L changed £rd sn urntalance row existed,
cus not orly to R tut alco to L. 3u%, zast this frequency
init the change in R tecores less since the fields ere
now excluded Zora the core. “hug, there is less irduced rasistance ’

than prodicted by the preseat theory. Tae fact that ths induced
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rosistante tocozes & FAXINUS £ar the iniiisl fregueney is

an izpertant iizmitation that is rot reflociod in the prasent

iheory. Since this eritical frequency veries uilh core corductivity,
the point at waleh L starts to dizinish end tha bridge coases

<0 recoré Iust charges due 0 ], uill vary with cora zaserisl.

As L gots less, (?‘o/gi) wii1 terd to Cecroase even fasler, Cus to
a zore repidly decreasing (L/Rl) in tha vicinity of tha critical
frequency. Shus, he oripul can e expected to eross ihe axis

at scne point dagendast on <he erizickl frequoncy. Sizce

tha criticel frequency decroises with & highor conduening raterial,
thia cross-over poimt can e axpocied to shift W tze right

vith lower valuas of O. Iz e 1intt,tres, 8 € == 0 this

point will be st infinity. Thus (A‘:‘.o/ 31) exparicastal

can be acbexsiically sepresanted 83,

SN . .
£

o
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This rapid decrcasec as weil zs ithe exclusion of
tro I flelds from the core at highar froquoncics are
two important effects that eflcci not only he shift in
peak of tre dats and theory, tut also the magnitule of
tho output. In closing the discussion of the skin depth
iimitation, it should te noicd cs sot forth in Apposdix (B)
that a irue sinusoicel steady state does not exist cue
to the diocde action, Since skin Gepth is defined on &
sirusoldal stesdy siate basis, this oo would bo sozevhat
effacted Ly the non-sinusoidal batavior,

. The quantitative ¢ilfcrence teiween thacry sed
cexporizent is uhe rext point in questicn, ona that is not
casily resolved. Figuro (13) steus azgroxizitely two ordars
of zmagnitude differance cetwcen tzie iacory &rd data.

Figure {14) shows theory azg experizzat for € = 0. The
shift in poaks &8 due to the skin depth limitaticn as
postuiatod previously. This zaans that cither the theory
predicts values of induced resistance iCO timos srocter t.h.u
is sctually the casa, or the thcosy is wroag. Thare ars
soveral possible places that this discrepancy could arises
1. Inconsistency i squars wcve derivation of
oridze equotions arnd siznusoidal dorivarion of Rz
2. Incorrectness of RL due to skir dopth lizitatiom
3. losses within the cctual circuit not Lccounted

for in tho theory except by use of the fuctor €
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Tre first possibility should roy czusa any sizniltesant
iflerances, since the bridpe equations should be of the

sara gereral form, -

ke second possitilily is hard to evaluzita withoud
& fuil derivation of an aralysis includisz tha skin depth.
If the bridze equstion is of the sa=s forx i3 taa iight of
1., & srall charge in Rz can strongly elfect tia cognitcle
of AE / 2, due to the rature of the equaticz. An indlesticn
of the change is givens by the curva of tridga voliage sexsitivity
&% lov values of R.

As nypothesizcd in Azzezdix (B8), the focctor € is

wmed to account for losses of poves L2 the Iridze that could

reduce trne pover to the coil, ani thos the siresgth of the
irducad fleld vithin the coil core. Thzse lcsscs ineludes
<cantaet resistances, mutual izSuctance tatvecs coils, uo~
btalszces in Llfl.zandj.’., # 2y . Fosavar, 2l) of e
would appear to be £231l effcets, ind oot sizestle emcugh W0
cauce & reduction of & fuctor of 108 iz Toidse ;c:-:or:xm.-
Theoretical results tave iniicated thit an valalasee Za L of
10 % causes a reduction in cutput of ciout &, valle sz wbelazce
1a L2 of 257 causes a reduction of atout 5%. The matus) induetance
betucen the colls reduces the poser %o the ccils, ticrefore
also reducing the sonsitivity ard output. The rmaznitude of
this charge 13 ot kaowa, Wt $3 would s 6 te s=all for
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tae coils and field strengiis involved here. Thus, the factors
which C is rolated to, would cppcar to b of a sceondary nature,

Until bettur data i3 obtained, nothing pouitive can
be fcrzulated as to the correceiness or incorrscinecs of the
treory. Since better date iz prizary to cny reliable cali-
bration, a nced for & revision of tha theory would ta deperdent
oo this dnu..

“urn for s zozant to ie roesoningz thst the tzeory is
correct tat that the data wreng. This nis cs Its only support
tus possioility of faully teidze o coil construction. This
¥ill te proved or disproved oniy uyon corciruction of & new
bridge axd obtaining of zew end botier data.
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6.0 Conclusiong

Conclusions can be very triefly sum=crizcd ss follows:
veing & noalizear twin T 4ype of brilze 4a coxjunction with an
irduciion coil technique, & rethed of deterzining tta relative
electricel coznductivity tetucea higaly coniieilnz ritlarisls has
beon daveloped. AL present, the ihoorcticsl sisis ef irte method
&grecs oznly in & qualitative uky vih the sxcll Azsunt of data
olialacd 4n thic predizinery svily, Mz oculizlociery nplenstion

1o ths quantitative &{ffcrences has yoi toca forzulated,
Eewever, £t 45 izportant to mote kil Ln kg evesiucl devalopeant
of &n instruzen:, theoreticel aad cxpurimenisi sgraczent is Wt
& poirt ol seiisfaction, since ho zrizary concors is an
accursse srd repcatoble calibraticn fros which ha wiknown eor~
ductiviiy of a materfal con Whas o coteszired. Sre initlal goal
of tais study vas to determize tae cguivalent ciesirical conductivity

’
of & wo prese liquid z2tal {low. 7Tals direcily, los not bagn
schieved, EHowever, the pregest tasinigue rapresents o fxitial .
$tep iz that.direction. . - ’
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COIL WLDIKS

Tha sxin deptd £5 rot excocdr., O35 Ve
Xogligibie Cirplecumoni currant. S™»m U 6

e L tn et e % eerg
“h3 coll wirdings can te approxizat:d by a zero
order, tiza-varying curzent staot of =agaitude \_f:-' J
s> Yu¥Xs
The coil wirdings are of ir.tir.iu eoaductivﬁv'.
<he cors is of nen-zagnetic material: Av sl
Assuzs & sinusoldal steady state exsists. Tous
all tm;vnqiag quantities can be reprassated, in
complex notation, ‘u proporticral to ..M
¥eglect a1l fie1d external to © = 1.
The soluticn can be cirried out in a fora of

successive approxizations, 1.9., bty sssuning

w—y
.

R TP




X
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wldy

the total field is tae oun of &n infiniie series
consisting of serzs of &iflering degroes of timo-
variation (Sca Refersnes 11, Tawo, Ch.:p. 6). Thus,

’

- .- -~ -
4 ... BtC,

CRE A IR
vﬁcrc gubscristed terzs will te referred to u' .
the zaro order, {irst order, eecvrd order, ste. of
the field. '
oo following zotsticn will =3 sdepteds
s) Sirgle sup tar--camolar quIiiity ¥
b) Single supar bute=vericT Lynniity 3

c) Supar crd sub tare-complex vestor i

.

Thus, i_; = x° coa-’»'-'-', sntrcdueing ccplex nolation
bacoes, .
h M ., 3t .
- 'é‘[:::'.pc"%-a'_._{. &‘ J
5 .
1ax ¢ .
um&gmm conjuzate o &. .

411 units will be in the Fation.l BXY aystes. In.com-
ceptual form, the uro order curraat will vausa & zero order
aagretic fiedd. This in turn inducss s first crdcr electrie
4414 coaposed of & solcnoldal field due to Lk i-ro order
zagretic field and & consorvative rcaction field dus ia an
drduced susface charga. 7The soienscidal field ia turn induces &
£27st order xagnotic fisld, tiaus giving riss it a tecond ordar

e

™
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slectric field in t.ko core. Cnce the proger field relaticaships
are usstadblished, Poynting's thoorex: can te used to datoraiza the
power flov into 8 conizol surface arousd tha core sirce the
flelds outside tte core &re ncglected. Froa this, the tizse -
averags pover relations:ips for tho coil dus to the appliied a4 :-
induced fields, cas te derived.

Throughout the snalysic the nouation of Refercnos 11

vill be sdhered to. Al quaaniiiics wAll bs of a cospiex
tizs-varying naturs.

Zore Order Tields : .
The garo osder Maxwoli's ogquitiens are,
V2 E. ’30.
vx s =@
v-3% =0
v-& =0 .
prfno
Bymumg.g are 20th z:ro vithia ths core and vith
an spplied currest sbest at r = r_ of, . -

- [* NI»
K= "[ "'.z"‘J
Trom the secocd relationship and bourdary coadidtiens, the sers
order magnetic l‘iold is,

. BeB[F]
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First Orde- Fields

VX‘_':' = -—Jw/.uoga

i ]

V’ E":i =0

Voreth = ..
C . VXE":?-PJU&_:}}

V-Z =

In solvicg for tre electric ficld, it is zoted that

&t the surface r = Tor “3 15 cizgascd ef two parts, & conservative

and solenoidal portion / 5SS Temn
s -7

T e +E . : SR e L0
D n o ST
' : dIIDINSS 5;

e l'lra

The conservaiive componesnt irisas Iroz the ixduced surface charge
i3 the coll) vhich L3 required f0 zust the coniiiloz that zo fleld
exists vithin the coll windings (Z,,.= <5 ). Solvirg for

§ at r.t r, froa the eguation,

L]
VXE, = —j Olve s .
resslts 4nm,
e .7 Yy
E, = ®joma[5 3 :

Fron la 2lace’s equation cz¢ the ccuzdzry ccrdition of no
TN ] 2 ? apo P T > .
field existing parcliel to the co2l Circeilea (1 coil dircetion) 52

can be solved for.




4=
By g a3 []-(50)

.
¥ita the voltege across the coil defincu By ,

2
Vo [ By = [lod-(8)]
°
Substituting for 5; » 5 becorss,

*.
Viom s jue TR 2

For a cylirdricsl coil of irfirita lexgtha, tha irductazce i,
can te delined as e
L = ‘ﬁ\'slAnN

m:.!lbécml.

ey} T X
Y‘zJ‘QL‘:‘T‘ L de

which is the Faradsy Irduction iaw raletlonsiip. Coxntim:ing the
solution for tis first order fields, hs first ordar xagnetic

£ield is solved fron,

. VXEI-ij -

since -E: is sero. Zor & linear cors zzteriel of eorductivity ( ™),
5- = .—.- vt

.
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Thus, s.xbstituur._g for : »
D - N
'.;i--—!@dw/" Co- iﬁ:i-

Trcs, iha effcet of a finitle core condudilvily §s seon
to sator into tho azalysis. Xote that tris i3 z=ot valid fo;*
cases 1a vkich 0 £s such tnet Y°U ., . A solutior for tiis
ccse can be carried cut siziiarl: 1o that found in Heus {Ssference 22,

7L 205). -

Sceor? Order Fields
In oxder 0 conglate the Scriviiles of wha Slelds
sequdrad for cpplicaiicr of ine Poyzmilag hooren, vy secczd

-

oxder eleciric-field s meedcd. Tnis is givean by,
Soivizg Zor Z, within he core,

Py + =z

= s — NT 5 -
=~ wag s VY
& * e

Sote that ke faduced E, f1e2d is zToposilonel th o X .
Easically it is the recl power duc to oxxic lossce caused by
this field thatl causes ihe changs 1a ~0fi ixzpiiscce Jue to the
presence of & core of finlte cozfuctivity.
Pover Aslaticaships

Vithin ke powver serics tppoexiceilion, the total
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Poynting vector is,

§-s+ + ...

..l.Z

whero E ihe cozplek Poyntirg vactor, can Le round froa

oG =t (BT b T )
—'ZJ(U ( A.,[rl = ::*G/f—?/z)

Substituting the previcusly darived ffelé expraessions, and

intogzrating the Poynting vacior over tha conirol surface of,
| ?"S"-" "T:Y'cL
{l A :") Ve WG
e S e H
1/ \ :
9 " — l
results in axpressions for ina iixc-avarsgze sover diasipa.te.d in

the coztrol voluze "

{kR>=0o .

<6> =0

2
<Q' - u ra“""z’-r‘r",\} %_’_ = _2_'_0‘9 L. z"

<BY= Suted [ERT il

‘3 5../'....1_, ]YE.
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Y2 froadt 1 : £ 13 ;
vherc Lz 7 cLved.  wé I is the sagnitude of th izpresced
P
curreat. Tho total time-avercge pever supplied is,

<> = _

whore Vo i3 the terminal voltege imzressed acrocs ihe cofl

’

,\,Iy
]

If the coil kas ¢ finito resisia nes 2 dua to a acoe

Py }

infinilo corcuctivity, the power loss dues to this is,

:I;‘.o.
<'¢m. =
Egquating the input pover to that éiassipated,

<Ad> = B>y R v <R

ER <ty =Tl LR 1 P
TV = - - s\w('zl‘ Zo Wk, 6 5 L,'I
2 z 3
Supplied Resistive puwor Recenive power Induccd rasistive
Pover Loss of coil Zogs of cess oewdr loss of cors

Tha magnatuds of the power can o: cirived Ty cozoining resl and
A

izagirsary parts. Thus.

Vol - —[.. J;-;:G"c-(’ Ay S 05YE «.:0-3-]
(Zey = L w1 S Y

noting that the coil impedance &5 seen across tha ccll terminals

is defined as, .

-
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end delining the ratio of coil maznetie enargy stered to the
resistive zower dissipated, as the ratio Q

tols
R= I

this expression can be algebraleally recrranged to,

\
Zo [ Qs ( L0 X J( L s s'r},..'z)] 2

From the definjtion of skin denth,
-
= ‘2 b,
\(U)«Uo G
this can ca further recuced to, °

Ze — - [« ‘\‘9_\‘ r 3
_Q_-{Q-a-: - 2N FE -fz]
Defining the ratvis of coil rziius to skin & 128
%= (8 '
A =
& final expressicn betwecn egquivalent coil impedonce s2d the

e04l perazotars iz ctctained. T

- Separating rnl and izzgincry pests of the sbove
expression ylelds the fellowing equation for the total equivalent ..

coil and core resistance

. 3 S Gt
Re=2[ 1+ %‘1' I
as given in the text.
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Apperiix 3 ZIffee:r of Nomesinure’dal Sicsdy Seata Seheviep

of 3re 3rii-~p srd Oitor gridra locses

& vasic sssuzpticn In the derivation of tha fiela
cquations for ihe coll i3 thst o sinusoical stecly state
exists in the coil-ccre cenbination. However, iz the T tridgs,
the cicde acti.oa ccusas the sinusoldal input to z2 switchad
tolore a full cycle fs cozpleted. Taue, ¢ M1 sinusoidel stesdy
staie 1s not eswadblished. Sexmeo reeounting of this reduction in .
power to the coils can bs derived zs follcus.
For &= fmput of tere frecuency, tns coil éoos receoive .
the full ste.dy stale pover, wiila Joo izfinite Irequency
Lo pover irpui zo¢s Lalo ine coil. Thals power gces into the .
energy stored in the zzzratle fleld plus ne <36y currcnt losses
in the core. The enerzy in the rigmeilc Jteid of the coil is
given by 1/2 L & . If ko Bridzo cireult &3 cssu=:¢ to te

en RL circuit, the exprassion for curreat in the iransient -’
L[]

state is gives by Fiuzgercld (Referance 12, pp. 162) .
-»
o
o == e bt 2l QL LN o

vhere agn‘+aa+a°+::.
Therefors, the encrzy per cycle iamt to the cofl s,

..,::_. L=3 [ Sia" (Lim) ~2 81 (WE=3) 2.0 ) e:%

23, .
R o) Eus - N 'J'qn"-“g:‘.




-53.

for & cozplote stecdy stata £—> 0 anc tho stova J;rcssion iz,
[ Sl e
LT ser(wi-9) ]

This represents tho maximun cugnotic caergy inpat ‘e tha coll,

Tho ratio of the Maxizuz Lo transient cnergy is,

-
2 S {-2) .-_‘r‘:;__ S,- L')

28
@T‘_f

Ratio = [— e .'
Sin (L :_;~;..¢,)
foxXd =27 £=1/7 asd t = T, this roduces to,
23
-4 ~“Yug
ato= J=2 " g

if 1t 45 assumed that ihe indwecd risistunce of the care
it proportiozsl to the zafneile caergy o he ¢coii, ihe revdo
expraession reprosents the ruction of iniaecd resisitenca for
the core due o the lack of & full sirusoldal stexfy stele being
esteblished.

A plot of tuis exprecsion for tha c..; izent.l clrcuit

4s shown in Figure (Bi). lots that st

< = 0, Ratlo = 1.0 ’ .

{ =%, Ratlo = D

ZThus for short :r:-asier.t\;,eriod:, only s s=ill frsculion
of the reximus ensrgy is input to the coil.

the expression for ths total coil~core

.

Apporcix A derives
rosistance l.l.

e [1+ 2]
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The terz 2‘;“' 48 prozoriion al 0 the zzgretlc energy fzput into

the coil. Thus, 4 3% f3 reduced ty the railo tirz, sazmo zeasure
of the elfccl of the mou-sirnuseldzl :steady siate on the
thosretical resulits czx Te obteined, A...a eflect on zt, is
stoun ir Fizure (52), for tre proc.t dridze circuit. Yate
trat the elfect 13 ona of isporiuzca pricarily ot nigh
frequencies.
Oiu=e> parazoters could also reduce the theoreiicsl value
of the fiduced resisinzce., Arengst thoso are: suitual fzductsace
swcen colls, conteet resisiences, ond effects of the core fields.
A2 sccoundirg for this esz T2 zige Yy inmelucing asother

rcéuctlon factor, €, izic the ex--ezzion for 31. . Thus,
2= [~ S5 avio- €]

This faector cas 2 doterzined oxparinintally 2:i used
a3 & correlsting fuctor for ihe particular Soidgze circait.

It should be zoted that e applicaidion of the ratiec
fsctor is Tut &a approxization end shori ta viewdd &s sm;h. For
& rigorous derivation of tha znonesinusolésl effecs, Maxvell's
ecuations should Te solved uith tna nct-sirusotdzl bukavior
of 5o Laput curmeat. Ths Gifficclty of carrying out such an
szalysis is beyond tie zurpcse of the project. Trarefors,
tre ratio fastor suoves 43 aen ajproxizition 9 tho ‘toue bokuvier

of tha circuit,

" e s am




Figure B-2
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frequency Alr t° Yeotal ‘o .94
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frequency  Air Ej Yetal T, AK,

JAluminun | 250 .39 .38 03 Fﬂ!ﬂ vave
Joo .44 .48 .04 L, = 3.0
400 | .go |.¢z l.oa |%N"P
300 .56 .58 oz Ry 7O
500 .54 . 555 0!8
Goo .49 . 810 .02
Joo - 14 .45 .0/

Boo -40 -4 0l

Q009. 32 .37 .0/

000 | 335 |.335 | o

1250 259 260 .05

1500 .205 .210 o8

2000 140 . 1o o)
250. l.50 vin o9 R, = .50
300 .72 .76 .04 B =3.0
400 |1.¢% 1.70 .0€ p¥e
500 i15¢ l1.60 |.o4

coo_ 1123 1L.4& 03

700 729 1 731 .02

Boo l./¢ 118 .02

900 | Lo }.03 o3
1000 90 .92. .02,

. 1250 Ref 2 14 0%
,aillivolts .aillivo..s .millivolty




frequency  Air zﬂ Yatal fg AX
| Bress 250 lo08 1.08 oz Srvare wiv]
' 30 2.0 1-04 o3 5 = 2.0
g00__|.92. | 04 1.0z M"Y
500 715, 73 -0]5 B=o
¢oo b2s Lo .0)%8
goo | 445 48 |.olx
000 -320 -390 -7~
1500 225 .230 1005
2000 i .I5S 159 o
_shwine (2000 | ,y55 | 1% | .00%
1500 225 ’ -230__1.008
1000 320 2 .380 .0/0_
800 | 405 4725 N-YZ-)
600 &0 Lis .0)58
500 -L90 _i.708 .0)8
300 970 |.2990 ' .oc20
J.o J.-o/ -0/
[ copper _ | 2 5O .99 l.o2 =X ]
oo = X /.00 .04
400 .87 .90 __|.03
So0 .22 .28 .o/
¢oo |.47 .L6 .0/
8oo | si5 475 _| .06
1000 | .4/ 321 .07

-

sililvolts =lllivolts millivelts
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APPENDIX D

COMPUER PROGRAM




sreen ronv

o

.

s my

PROGRAM FOR CALCULATION OF T BRIDGE VOLTAGE QUTPUT - - -

8 T LUBIN NONLINEAR T BRIDGE VOLTAGE OUTPUTCALCULATION
NIMENSION RO(100)s SIG1 (100)s £3G2 (100)» F(500)» E(50
RFAD 24 Jo Ly ¥

-2 - FORMAT( 313 ) T T T tmemms s e

RFAD 4 » ( ROIKY » K= 19 J )
4" FORMAT 1" 5E1043 ")
READ 4y ( SIGI(I) » I = 1s L )

c= READ 4 ( S1G2 (1) o 1I=® Qlem ) — =" """ o

READ 4 » RS er)l'RDZ-O\IE(‘I‘OMEGZOXLIoXLZ'RﬁDXUSoFMAXlRATlO
- PRINMT 129 RSIRD1sRD2sOMEGL+OMEG29XL19XL2sRADIUS»FMAX9RAT O

12 FORMAT ( 2uH T ARIDGE OUTPUT 44
17134 IKDUT-DATA = ~ =~ """"%/
2 2X»BH RS= E1Ge392X9s8H RD1™ £1063+2X+s8H RD2% €10.3
3 2X+8H OMEGlz E1043+2Xs8H OMEG2: £1043s 2Xe8H Ll= " E10.3s
4 2Xe8H 2= E10e392X»8M RADIUS'EIO.B-ZX.BH FMAXs= El0.3y
o6 2Xe8H RATIO= £1043 /7 "y T oot e T e

PO 4900 K = 3¢ 4

NO~3900~1" =1, L= =
DO 2000 Il = 1y M
PRINT 14 » RO(K) » SIGIL I ) o SIG2 (11} ~ o
14  FORMAT ( / 18H OUTPUT RESISTOR =  E1Ge3s TH CONDl* E10.3

- 1 7H COND2x €10.2 2 ) T e
PRINT 16
e 16—FORMAT ( 20H QUTPUT CALCULATIONS 7/
1 1X» 1UH FREQUENCYs2X»luH EOUT/EIN #2Xs 10H RCOREL 02X
2 1UH RCORE2 #2Xe 10H RESISTY ~—e2Xe 10H RESIST2 "%
3 2X» 10H RATIO /7 )
o START OF CALCULATIONS TRt T ST e meos mmocs emSmmo oS e
RAD = RADIUS + ,02%4
XMU = =,00000126 ° -
F(1 ) = 1,0
p’ = 3.1. - —— — = - - e weaw W . e —
DELT = 1.0
- E(0 ) = 0,0 T rmoms e e em e e -
DO 1800 N = 1, %00
XR-= RS-+ ROl + RO(X)— + OMEG]
Z = XR/ (XL]1 ®* F(N) )
= XRATIO = RAYIO*(]. ~2¢PEXPF(=1) ¢ lo #EXPF(=2e#2") ¥ =~
A= { XMU % RAD #%2 & ( 2, » p] ) »e2/8, ) & XRATIO
RC] = OMEG1® ( 1e+A#SIGLUI) # XLI#F(N) ##2-/ OMEGY)y——
RC2= OMFG2% (1.4 A#SIG2(11) #XL2 ®F(N) ##2 / OMEG2 )
R1-=RS- +-RD1 + RO(K)+ RC})
R2 = RS + RN2 + RO(K) + RC2
Rw (k2 =R1 )/ (RI®RZ J-v = o= =
XKl s R} 7 ( 2. % XL1 ® FIN) )
XK2 = R2 /7 { 2o * XL2 * F(N) ) - - - - -
XXK1 = § 1¢ /7 XK1 )} ® { EXPF(~XK1 ) = 14,0 )
XXK3-#-XXK])-/-R}--=~~ -
XXK2 2 { 1o /7 XK2 ) # EXPF(-XKZ ! - loo ]
-XXK& = XXK2 / R2 - commmt e e e =
£OEl = t RO(K) / 2+ ) * ( R + XXK3 = XXK& )
E(N) = EOE] mres ms mmem eesee o — e meeem oo
(4 PRINTING OF OUTPUT

PRINT-—18—s~F (N)=-9 ~E (N} s "RCI—yRC2H—RI—-R2v—ARAH O~

- r———— et + M+ = o & amis e e e s e




tow

£

18 FORMAT ( 7TE12,%5 ) X
FREQUENCY CYCLE CALCULATION
TUIF O FINY = FMAX ) 100 » 100y 2000 — T T e
100  F(N+1 ) = F(N) + DELY

IF{TFINSIT) T/ DECT ="DEFCT T 180G0v 1800% 120
120 FIN) = 0,0

" DELT = 10, # DELT T omm oo e e
FC N+ 1) = FIN) + DELT
~1800  CONTINUE ==~ -~ - =~ - - it
2000 CONTINUE
~——————3000—CONT INUE
4000 CONTINUE
=TT CALL EXIT ot mmnn S mes o o
END
3
E- A e m———— - - - D — ————
;:,
:
{
S me e e e — S
s
?




